Investigation of the reduction of carbon dioxide in plants requires a rapid and general method for separating and identifying a large number of compounds. Paper chromatography is such a method. This paper constitutes a report of progress in the development of experimental procedures in the application of paper chromatography to the separation of compounds formed by plants during short periods of photosynthesis. The compounds involved are important intermediates of plant and animal metabolism. These methods should find application not only in other biochemical problems, but in the control of chemical synthesis2 as well.
A number of products formed during a short period of photosynthesis with radioactive carbon dioxide have been r e p~r t e d .~~*~~,~~~ The classical biochemical methods and ion exchange techniques which were used in those identifications would require considerable effort to separate the large number of compounds involved. The success of paper chromatography in separating two groups of compounds important in phytosynthesis, amino acidss and s u g~t r s ,~~~~ prompted the present work on separation of polycarboxylic acids and phosphate esters. These compounds constitute the presently known intermediates in synthesis of plant material. l1 The primary requisite for the use of this method is some means of determining the position of a compound in the chromatogram. Both chemical and physical methods have been used. The former includes color tests which depend on development of a color directly on the paper by the use of specific reagents: ninhydrin for amino acids,*naphthoresorcinolor Tollens reagent for sugars,'" ferric ion for hydroxamic acid^,'^^^^ $H in-(1) Work described in this paper was sponsored by the Atomic 108, 304 (1948) .
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(12) E. Stadtman, private communication. dicators for acids.14 One physical method is the detection of fluorescence of the compound itself or of some derivative of it produced on the paper, excited by ultraviolet light. 16 -4 very general physical method depends on the incorporation of a radioactive isotope into the compound and its detection by a Geiger counter or a photographic film. Such a detection method finds ideal application in the problem of determining the path of carbon in photosynthesis, since it is possible to detect the number and position of all compounds containing the radioactive carbon atoms by exposing the paper to a sheet of X-ray film. Radioautography has been used to identify amino acids16 and the extension to other compounds7 depends only upon the ability of the method to separate the compound.
Identification of those compounds for which specific color reactions exist is relatively simple. For many compounds found in plant extracts no color reactions are known. The most useful property of organic substances in the identification of tracer amounts of material has been the distribution coefficient between immiscible solvents. It is readily determined and is highly characteristic, especially when measured as a function of $H. I t has proved especially useful to distinguish between a number of possibilities for an unknown spot. We have found it convenient to synthesize the suspected compound containing a radioisotope and to determine the chromatographic position by radioautography. Identification is then accomplished by preparation of a mixed chromatogram. The isolated substance e l~t e d~~,~~ from the paper is co-chromatographed with the authentic specimens. Identity of the two samples is evidenced by the appearance of a single spot.
Chromatography
Two-dimensional paper chromatograms were prepared in a conventional m a n n e~-.~.~~ The solvent flowed downward through the paper suspended from a long stainless steel trough, Fig. 1 . To reduce volatilization and decomposition of compounds the paper was dried in a hood without heat.
Selection of Solvents.-Phenol, saturated with water a t the room temperature, 24') was chosen (16) R. M. Fink, C. E. Dent and K. Fink, ibid., 160, 801 (1947) (17) C. E. Dent, Biochem. J., 41, 240 (1947) .
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(19) C. E. Dent, ibid., 48, 169 (1948 as the first solvent and proved satisfactory in moving most of the radioactive components.
The use of lutidine or collidine as a second solvent was prohibited by the instability of many phosphate esters in these bases. Much hydrolysis and formation of immovable material occurred with lutidine and streaking of spots indicated slow decomposition.
The acidic solvent butanol-propionic acid-water was chosen as the second solvent for much of the present work since it effects an optimum separation of a majority of components. By varying the proportion of propionic acid it was possible to change the water content of the organic phase from 20 to 50%. An intermediate composition, approximately 31% water, appeared to give an optimum separation of the compounds involved. Another solvent, butanol-acetic acid-water, has been used and is especially effective in moving the phosphate esters. Such solutions must be freshly prepared, since the composition of the phases changes upon esterification. In several experiments the solvent system, ethylene glycol-diethyl ether-propionic acid (or formic acid)-water provided a solvent with desirable characteristics and without the disadvantage of esterification.
Butanol-Propionic Acid-Water .-Fresh solvent is prepared from equal volumes of two solutions, A (1246 ml. of n-butanol and 84 ml. of water) and B (620 ml. of redistilled propionic acid and 790 ml. water). A and B are adjusted to give a single-phase solution which becomes cloudy upon cooling to 22' or 2' below the thermostated room temperature. Stainless steel troughs 24 inches long with a semicircular cross section 1.5 inches in diameter, Fig. 1 , are filled with 90-120 ml. of solvent for two papers (18" X 22l/2"). The time required for the solvent to traverse the paper varies from fifteen to twenty hours.
Butanol-Acetic Acid-Water.-A fresh solution is prepared from 74 ml. of n-butanol, 19 ml. of acetic acid, and 50 ml. of water.
Preparation of Radioautographs .-The dried chromatogram is folded to fit the conventional 14" X 17" Eastman So-Screen X-ray film with the origin at one corner. One or two films are then exposed to the chromatogram in a light proof "Eastman X-Ray Exposure Holder" which can be stacked and weighted with a carton of sand to equalize pressure distribution. In the case of C14-Pa2 radiograms both sides of the duplitized film are exposed by phosphorus while C14 exposes only the adjacent emulsion. After development of the film only the Pa* activity is shown on one side of the film while the other is exposed by both radiations. For documentation it is advisable to use two sheets of film on one side of the chromatogram so that the second sheet shows only Psa activity.
The activity emerging from the paper (Whatman no. 1 filter paper) is -30% of that detectable if the sample were dried in a thin film on glass or metal and counted directly. The time of exposure of the X-ray film depends upon the intensity of the radiation coming from the paper. An activity of 15,000 disintegrations per minute per sq. cm. produces satisfactory exposures in three to six days.
It has not been possible to reproduce the radiograms accurately by photography. Very faint radioactive spots are readily discerned when the film is observed by light reflected from a white background. The details of more exposed spots such as the phosphate esters are clearly seen when viewed over a standard X-ray illuminator.
Radioactive ink20 provides an exact record of the relative position of the film and chromatogram during exposure. Opposite corners of the chromatogram are marked with stamp pad ink containiiig a non-volatile C14-labeled compound.
Application of Plant Extracts on Paper.-The eighty per cent. ethanol extract of algae (1-g. packed cells) or leaves (2 8.) is concentrated in vacuo (less than 20") to 2 ml. Ten to two hundred microliters of extract is applied to the 1.5-cm. origin circle. An air stream warmed with a flame, when stability of the compounds allows it, rapidly dries the spot by flowing above and below the paper. Infrared lamps cause decomposition and are not satisfactory heat sources.
The capacity of \I-hatman no. 1 filter paper varies with the type of compound and the solvent. Loads varying from a few pg. for carboxylic acids and up to 1 or 2 mg. for the sugars have been successfully separated.
I t is possible to separate simple mixtures on a larger scale by a one dimensional technique. A mixture is applied in a 1.5-cm. wide stripe near the edge of a sheet and separated in an appropriate solvent into two or more bands. As much as 20 mg. of hexoses or 4 mg. of hexose phosphates have been separated in this way.
Identification
The majority of compounds so far found to be involved in photosynthesis are well known metabolic intermediates whose physical and chemical properties are known. Earlier work3 had established the presence of large fractions of the fixed activity in alanine, malic acid, sucrose, and phosphoglyceric acid. When the chromatograms were made it was a relatively straightforward matter to determine which of the forty spots detectable in a radiogram of ninety seconds photosynthesis by Scenedesmus corresponded to these compounds. Identification of the remaining compounds is begun in this work.
The positions of these radioactive compounds are reproducible for extracts of a given plant.
However, absolute RF values for compounds in such mixtures should not be applied u n i~e r s a l l y .~~ The presence of contiguous substances on the paper, whether they be radioactive or not, may disturb equilibrium and movement of spots. For example, inorganic phosphate is found to restrict the movement of adjacent compounds. It is necessary, then, to consider the relative location of known vicinal spots rather than the absolute posi- tion on the chromatograms. The location of a spot relative to several standards, that is, the pattern of spots, presents the most reliable method of describing chromatographic position. In this paper, the positions of the neutral amino acids, serine and alanine, are taken as reference points. A schematic plot of R p values of compounds involved in photosynthesis is given in Fig. 2 .
solute, is the concentration of solute in the stationary phase divided by the concentration of solute in the mobile phase. This expression can be written as
The term A s / A L is a constant for a given paper and set of solvents while a is characteristic of the solute and determines its Dosition on the DaDer. where A L is the fraction of cross-sectional area occupied by the mobile phase, As is the fraction of cross-sectional area occupied by the stationary phase, and CY, the distribution coefficient of the The gross distribution of a carboiylfc acid between the stationary aqueous phase and the mobile organic phase depends on the distribution coefficient of the undissociated acid and on the degree of dissociation of the acid. The degree of dissociation depends on the pH of the aqueous phase and on the dissociation constant of the acid. Consequently the gross distribution of a given acid, and hence its RF value, is in general a function of two physical properties of the acid, its distribution coefficient and its dissociation constant(s) and one experimental condition, the pH of the aqueous phase of the chromatogram.
If neutral, non-buffered solvents are employed, the pH of the aqueous phase a t a given point depends only on the concentration of carboxylic acid a t that point, and as the mobile phase carried the acid past this point there is a decreasing concentration and increasing degree of ionization of the acid with a resultant changing distribution of the acid between phases. The rate of movement of the acid therefore decreases when its concentration decreases and streaking is produced.14 This effect can be avoided by maintaining the fiH of the aqueous phase a t a constant value. This is accomplished either by employing an acidic solvent or a buffered solvent. Lugg and Overell14 have used an acidic solvent to effect the separation of carboxylic acids. By using formic acid as a "swamping" acid, they suppressed the ionization of the test acids so that the Rp values depend principally on the distribution coefficients of the free acids.
It is possible to adjust the pH of the aqueous phase by employing buffers. This can be accomplished either by applying the buffer to the origin or by dissolving the buffer in the solvent beforehand. The RP values then depend on both the distribution coefficient and the dissociation constant of the carboxylic acid.
It is desirable in two-dimensional DaDer chromatography to employ a low pH solvent in one direction and a higher pH solvent in the other direction so that a different order and degree of separation is obtained in the two directions. While it is possible to obtain good separations of a number of carboxylic acids with two-dimensional chromatograms which employ acidic solvents in both directibns,14 the resultant positions of the acids tend to overlap those of amino acids, sugars, and other plant constituents. The use of solvents of differing pH moves the acids to a region of the paper apart from the rest of the plant constituents, as shown in Fig. 2 . Such "area" separation is desirable in analysis of plant extracts in that i t circumvents preliminary fractionations.
The usual method of buffering in the phenol direction has been to apply the buffer to the origin along with the mixture of acids or cell extract. Since the buffer capacity thus obtained is limited, i t is necessary to use very small amounts of acids. From one to five micrograms of acid gives satisfactory results. The colorimetric methods described by Lugg and Overell give best results for twenty micrograms or more so the tracer method of detection is preferable for this purpose.
Several carboxylic acids labeled with CI4 have been synthesized, and chromatographed to determine their positions with the solvents employed.
The resultant RF values are given in Fig. 2 , and they represent average values obtained from chromatograms buffered a t pH 6-7 a t the origin. In addition to malic, succinic, fumaric, and tartaric acids, which were studied by Lugg and Overell, isocitric,22 glycolic, 2 3 and glyceric acids have been separated.
The relation'of RF values in an acidic solvent to the distribution coefficients is shown in Table I .
The RF values and the distribution coefficients of the acids, of alanine, and of glucose were measured, Using the constants of alanine as a standard, the term As/AL was calculated and found to be 0.55. one a t a time, with the plant extracts. Intensification of an unknown radioactive spot by the authentic compound demonstrated their identity. Plant acids were then eluted individually from the paper and co-chromatographed with the corresponding synthetic compounds. Finally if no separation appeared between unknown and synthetic acid, the unknown was subjected to suitable physical and chemical confirmatory tests.
The acids formed in short term photosynthesis and positively identified so far include malic, succinic, glycolic and fumaric. Those found in respiration experiments (dark fixation of labeled carbon dioxide without preillumination of the plant) include isocitric or citric, succinic, fumaric and malic.
Synthesis of Succinic and Malic Acids.-One gram of carboxyl-labeled sodium acetate (specific activity, 6 pc/mg,.,) WRS converted to malic and succinic acids by the following series of reactions
The standard methods were modified when necessary for small-scale synthesis. The mixture of succinic and malic esters was obtained by using unpoisoned PtOz catalyst and one atmosphere of hydrogen a t room temperature with rapid stirring of a 95% ethanol solution for two hours.24
The free acids were separated by fractional ether extraetion and recrystallization. The yield of succinic acid was 28% of the theoretical and of malic acid 39Oj, of theoretical, so that the total yield was 677,. The specific activity of the malic acid was 3.7 pc./mg. and that of thc succinic acid was 4.2 pc./mg. Synthesis of Fumaric Acid.-Malic acid was convertcd to fumaric acid by heating it1 nitrogen a t 140' for two hours. Fifty milligrams of carboxyl labeled malic acid gave 3 0 mg. (69%) of fumaric acid and 13 mg. unreacted malic acid. The specific activity of the product was 4.3 Synthesis of &Tartaric Acid.-Fumaric acid was oxidized with sodium chlorate and osmium tetroxide according to the method of Hofmann, et UZ.*~ Identification of Glyceric Acid.-The radioactive acid was eluted from the paper with water. Hydrochloric acid was added t o give a 1.0 AT solution in the graduated centrifuge tube. After ether was added and the phases mixed by forcing one phase through the other with a narrow tipped dropper, the mixture was centrifuged. In 1.0 ml. of the 7.0-ml. ether phase was found 140 c.p.m. In 0.50 tnl. of t h e 1.8 ml. aqueous phase was found 1300 c.p.m. Thc rcsultant distribution coefficient, 0.005, approximates that of authentic glyceric acid, 0.004-0.008. Radioactive glyceric acid was prepared by hydrolysis3 of phosphoglyceric acid eluted from a number of chromatograms. After heating two days in a sealed evacuated tube a t 120' in 1 N hydrochloric acid the solvent was evaporated zn zlacuo. The product was taken up in water and an aliquot part co-chromatographed with the eluted unknown material. A single spot was obtained.
Identification of Malic Acid.-The spot on a chromatogram suspected t o be malic acid was eluted and its distribution coefficient between water (PH 1) and ether was w./mg. found to be 0.020. The constant for law concentrations of the authentic labeled dl-malic acid is 0.017. The eluate, 20,500 cpm., was co-crystallized with 50.0 mg. of malic acid and found to have a specific activity of 395 c.p.m./mr.
The distrihtion coefficient between water (pH 1)' a i d ether was found to be 0.9 (authentic value, 1.0).
Phosphate Esters
The greater part of the activity fixed in short periods of photosynthesisz6 lies in the area near the origin (Fig. 3) . A characteristic of this area is the presence of three distinct spots which move about the same small distance in the phenol but different distances in the butanol-propionic acid and thus lie one above the other in the butanol direction. As the periods of photosynthesis with C1402 are shortened, the fraction of activity in this area increases. In five seconds photosynthesis only the uppermost spot in the pattern of three is radioactive. Therefore these compounds include the first and some of the subsequent intermediates in fixation and reduction of carbon by plant^.^' Phenol-water. It was suspected that the compounds in this area of the chromatogram were phosphate compounds. This was c o n h e d by chromatograpbing the extract of some algae which had photosynthesized for an hour with normal carbon dioxide in the presence of inorganic radiopbosphate (P"). The radiogram thus obtained (Fig. 4) was remarkably similar in this area to those obtained from radiocarbon experiments.
Phenol-water. P3J-labeled known phosphorylated intermediates of glycolysis were prepared by yeast extract fermentation of glucose. A radiogram of the water extract is very similar to the Pa2 photosynthesis radiogram and the area near the origin in C' 4 photosynthesis radiogram, Fig. 3 . The components of this mixture were separated by standard procedures dependent on solubility as well as by selective elution from a strong base anion exchange resin, Dowex A-1. By the latter method a series of fractions were obtained from which the radioactive compounds could be more readily separated by chromatography in the butanolacid-water solvent, Fig. h , b . Yeast Fermentation.-One hundred grams of Type 20-supernate was added 1.5 ml. of 55% glucose and 10 mg. sodium pyruvate. After incubation a t 32' for thirty minutes vigorous fermentation had started. Then five ml. of potassium dihydrogen phosphate containing 2 millicuries of was added to the fermentation mixture. After three hours incubation approximately 80% of the total phosphorus was organic. The mixture was incubated for an additional three hours after the addition of 2 ml. of 1 M sodium fluoride and 6 g. sodium pyrnvate. Absolut? alcohol was then added to the fermentation mixture to a Fig. 5a ,h.--One rlimcrisiun;il radiograms of I'Xlabeled yeast fermentatiou intermediates : solvent, hutanolacetic acidwater. The two mixtures were obtained from ion exchange resin eluate fractions.
final concentration of 95%. All of the proteins and 94% of the phosphorus compounds precipitated. The precipitate was washed three times with water which extracted over 95% of the phosphorus activity. An aliquot of this water extract gave six major spots on the radiogram. Separation of Fermentation Products.-The water extract was absorbed on a Dowex A-I anion exchange resin column in the chloride form. Washing with water removed 2.4y0 of the phosphate. Elution with 0.1 M sodium chloride separated the remaining phosphates into two distinct fractions. The first fraction eluted from the resin was found to contain fructose-6-phosphate, inorganic phosphate and a t least three unidentified compounds. The second fraction contained only fructose-l,n-diphosphate and phosphoglyceric acid, Fig. 5a . The fractions were chromatographed in the butanol-acetic acid solvent and the individual spots of the radiograms were identified by spray tests applied to the paper OT by chemical analysis of solutions of the eluted spots.
Identification of FNctose-1,6-diphosphate.-The spot having the lowest RI value in both the phenol and butanolacetic acid directions was eluted and identified as fructose-1,fi-diphosphate by the following tests. Analysis2R.2e showed that there were two moles of phosphorus to one mole of fructose. Seven minutes hydrolysis at 100' in I IV hydrochloric acid converted 25% of the original organic phosphorus to inorganic phosphorus. When this other spot' which contained .fructose and no'easily hydrolyzable phosphorus was later shown to he fructose-6-phosphate.
Identification of Fructose-b-phosphate.-In the radiograms of samples containing the first radioactive components eluted from the anion exchange column, a spot, Fig.  5h , was obtained in the butanolacetic acid-water solvent the intensity of which, from sample to sample, comerponded directly to the fructose analysis. The eluted spots contained fructose and phosphate in a 1:l ratio. The chromatographic position of this compound was identical with the fructose compound obtained by hydrolysis of fructose-l,6-diphosphate. Therefore it must be an acid stable fructose monophosphate, presumably fructose-6-phosphate. A mixed chromatogram of this material with inactive glucose-I-phosphate showed considerable overlapping of the two compounds.
Identification of Phosphoglyceric Acid.-The spot labeled PGA in Fig. 5a gave a negative spray test for easily hydrolyzable phosphate. A solution of the eluted spot thoresorcinol in concentrated sulfuric acid, a blue ~o l d r ,~~ the same as obtained with an authentic sample of 3-phosphoglyceric acid, was observed. The other known products of this fermentation do not give this color.
Phosphoglyceric Acid in Algal Extracts.-Two early experiments indicated that the uppermost of the pattern of three spots shown in photosynthesis radiograms might be the phosphoglyceric acids. The first was a chromatogram of the sodium hydroxide eluate .of the weak base anion resin, Duolite A-3, which had been shown to contain largely phosphoglyceric acida.' radioactivity. The position of the spot obtained corresponded with that of the uppermost of the three spots. The second experiment involved isolation of radioactive barium phosphoglycerate from a small aliquot of the extract from a one-hour photosynthesis in inorganic radiophosphate by co-crystallization with ten milligrams of the authentic barium salt. After three recrystallizations from water the salt was decationized and co-chromatographed with an algal extract (ninety second photosynthesis in C1*02). Exact correspondence of the Pa2 activity with C14 activity in the uppermost spot of the phosphate area was observed. After the radiophosphorus had decayed to five per cent. of its initial activity, the pattern obtained was identical to that originally apparent and the uppermost spot of the pattern of three which now was made almost entirely by carbon radiation had the identical position and shape of that given by the phosphorus formerly present.
These experiments strongly indicated the identity of the upper spot as phosphoglyceric acid but did not preclude the possibility of a highly active contaminant in co-crystallizations. Synthesis of labeled phosphoglyceric acid by yeast fermentation provided authentic material for co-chromatographing with unknown mixtures.
Carrier Free Isolation of Phosphoglyceric
Acid.-When the period of photosynthesis in radiocarbon is sufficiently shortened only one major radioactive compound appears and is in the position corresponding to the uppermost of the pattern of three. This radioactive compound was isolated from Scenedesmus which had photosynthesized for five seconds7 in C1402 and was identified as phosphoglyceric acid. The isolation was carried out according to the general method for phosphoglyceric acid with several modifications. It was found that the radioactive material was strongly adsorbed by inactive precipitates removed at PH 7. Thorough washing a t PH 10, where the adsorbed anions are apparently displaced from the precipitate, was necessary to remove the activity. When barium chloride was added to an acid solution the precipitate obtained was active, but repeated washing with dilute hydrochloric acid removed the adsorbed activity. When the barium-containing supernatant solution from this acid precipitation was adjusted to pH 10, no barium phosphoglycerate precipitated since the volume of the solution was large enough to retain the amount of material present. Addition of ethanol gave a radioactive precipitate. The fructose-1,6-diphosphate which would be obtained by this procedure was hydrolyzed by repeated warming in dilute acid. The amount of hexose diphosphate in algal extracts must be much smaller than the amount of phosphoglyceric acid since the radiograms of longer photosyntheses, where the reservoirs of intermediates are saturated with activity, show a t least three times as much phosphoglyceric acid.
Repeated dissolution of the barium salt in 0.05 N hydrochloric acid and re-precipitation from 50Y0 ethanol gave a barium salt whose phosphorus analysis and molybdate-enhanced optical rotation31 corresponded closely to those of barium 3-phosphoglycerate.
A mixture of the isolated material and an equal weight of authentic barium 3-(31) 0. Meyerhof and W. Schulz, Biochou. Z., 197, 60 (1938). phosphoglyceratea2 was eluted from an anion exchange resin column which had previously been standardized with 3-phosphoglyceric acid. The standard and the mixed elution curves are shown in Fig. 6a ,b. The somewhat low value of the optical rotation together with the barely noticeable displacement of the radioactivity elution curve might be taken to indicate the continued presence in Fraction 11-a of a small amount of 2-phosphoglyceric acid of higher specific activity than the 3-phosphoglyceric acid.
We have thus isolated and obtained in a crystalline form a t least one-third of the radioactivity fixed in five seconds as barium phosphoglycerate, largely the 3-isomer. It is not unreasonable to suppose that the radioactivity left in the last four supernates (B, C, D, E) from the alcohol crystallizations is phosphoglyceric acid somewhat richer in the 2-isomer. The sum of these, together with that which was actually isolated would account for over 6570 of the total carbon fixed in five seconds. This closely corresponds to the distribution observed on a paper chromatogram of the same type of preparation. A small sample of phosphoglyceric acid Fraction 11-a was chromatographed separately and came to the expected position.
It should be noted that the results of similar experiments have been r e p~r t e d ,~~~~~?~~ but labeled intermediates were not identified. Fager35 reported that phosphoglyceric acid is not a major product of forty second photosynthetic experiments performed a t PH 7.8 and a t considerably lower light intensities than used in these experiments (pH 6, 10,000 f.c.).
These differences in experimental results appear irreconcilable but may depend on differences in technique, both in cell culture and exposure to radiocarbon and in handling and isolation of the photosynthetic products. The effects of procedural differences, insofar as they can be determined from published data and private communication are being i n~e s t i g a t e d .~~ Phosphoglyceric acid Isolation Procedure.-Six grams of day-old Scenedesmus cells which had photosynthesized in 1.0 g. batches for five seconds was added to 18 g. of normal algae to provide sufficient phosphoglyceric acid for isolation. These algae were killed rapidly with acetic acid-concentrated hydrochloric acid ( 4 : 1) and all of the radioactivity was contained in the aqueous extract .*
The acid extract was concentrated (cold) to 9.7 inl.
(1.6 x 106c.p.m.) and neutralized to PH 10 with 1 N sodium hydroxide. The precipitate which formed was cen- NaCl eluant, ml. Fig. 6a,b. -a.
Elution curve of authentic 3-phosphoglyceric acid from Dowex A-1 anion exchange resin column: eluant: 0.2 N sodium chloride; b. elution curve of a mixture of equal amounts of authentic and is6lated phosphoglyceric acids; 0 , total phosphorus analyses; 0, C14 radioactivity. The smaller peak represents inorganic phosphate and hexose monophosphates. The ordinate unit represents 100 pg. of phosphorus/ml. of eluate and 20,000 cpm./ml. of C14 radioactivity.
trifuged and washed three times with water (12, 3.5, and 2.6 ml.) at pH 10. The combined washings and supernate (1.45 x 106c.p.m.) were acidified with 1 N hydrochloride acid and 0.3 ml. of saturated barium chloride was added. The precipitate was washed twice with 1 ,V hydrochloric acid (1.5 ml.) and discarded. The combined washings and supernate was concentrated to 3.0 ml. and basified to p H 10 with 1 N sodium hydroxide. The small precipitate was discarded.
The supernate was diluted with 1.5 volumes of ethanol and centrifuged. The supernate, A, contained 0.2 X 1W c.p.m. The precipitate was washed with 1.0 ml. of water (wash contailled 0.05 X 106 c.p.m.) and was taken up in 4.3 ml. of 0.05 LV hydrochloric acid and found to have 1.1 X 106c.p.m. The small residue was centrifuged and discarded.
The acid solution was diluted to 8.6 ml. with ethanol and the precipitate centrifuged. The supernate, B, contailled 0.23 X 106 c.p.m. The precipitate, dissolved in 2.0 ml. of 0.05 N hydrochloric acid, contained 0.78 X 108 c.p.m. Ethanol was again added to a total volume of 6.0 ml. and the precipitate was centrifuged. Supernate, C, contained 0.01 X 108 c.p.m. A solution of the precipitate in 1.5 ml. of 0.05 N hydrochloric acid was diluted with ethanol to 3.0 ml. and the precipitate centrifuged. The supernate, D, contained 0.2 X lo6 c.p.m.
A solution of the precipitate in 0.9 ml. of 0.05 N hydrochloric acid was diluted with 0.5 ml. of ethanol to obtain Precipitate I ; 3.9 mg.,0.19 X 106 c.p.m. Anal. Calcd. for CsHb07PBa.2Hp0; P, 8.7. Found: P, 8.6. Molar rotation (as phosphoglyceric acid) in the presence of molybdate ion: -620 * 50' (authentic value, -750'): specific activity, 4.9 x 10' c.p.m./mg.
The supernate from Precipitate I was added to 1.5 ml. of ethanol. Precipitate 11, 7 mg., 0.29 X 10" c.p.m.,and supernate E (0.08 X lo6 c.p.m.) were obtained. The solution of Precipitate I1 in 0.05 iV hydrochloric acid diluted with 1.5 volumes of ethanol gave Precipitate 11-a, containing 8.6% phosphorus and having a specific activity Easily Hydrolyzed Phosphate Esters.-Readily hydrolyzed phosphate esters and inorganic phosphate can be recognized on the paper by spraying with suitable reagents to produce molybdenum blue.
Glucose-1-phosphate, 3-phosphoglyceraldehyde, and phosphopyruvic acid are easily detectable when three m i c r o~a m s of phosphorus per square centimeter is present on the paper. Fructose-1,6-diphosphate is variable in its color development. This is probably caused by different degrees of hydrolysis during the spraying and drying processes.
Spray Test for Phosphates on Chromatograms.-The paper is sprayed consecutively with the following solu-tionsS68: (a) five grams of ammonium molybdate dissolved in 100 ml. of cold water and poured int: 35 ml. of concentrated nitric acid. Paper dried a t 70 : (b) fifty milligrams of benzidine hydrochloride dissolved in 10 ml. of concentrated acetic acid and diluted with water to 100 ml. Paper dried at room temperature: (c) saturated sodium acetate solution. Paper dried a t room temperature.
Glucose-I-phosphate.-The rate of hydrolysis of the photosynthetic intermediates in the middle one of the three phosphate spots to form radioactive glucose suggested the presence of glucose-1-phosphate. When the authentic compound containing P32J7 was co-chromatographed with an algal extract, the P32 activity coincided with the CI4 radioactive spot.
Phosphopyruvic Acid.-An authentic specimen of phosphopyruvic acid38 was chromatographed and its position detected by molybdenum blue color. A photosynthetic intermediate found in this area was investigated. Acid hydrolysis formed pyruvic acid which was identified by its distribution coefficient between water and ether, solubility and volatility properties and the formation of a dinitrophenylhydrazone which co-cryst a l k e d with an authentic specimen.
A radioactive substance was eluted from a chromatogram of five seconds photosynthetic fixation and hydrolyzed one hour in 1 I?? hydrochloric acid. The active product was then volatile and required addition of alkali for reproducible direct counting. An aliquot part of the hydrolysate was assayed for pyruvaldehyde and the 2,4-dinitrophenylosazone was inactive after recrystallization from pyridine.
The distribution coefficient of the hydrolysate radioactivity between water (PH 1) and ether was 0.15-0.18. Triose Phosphate.-3-Phosphoglyceraldeh~d e~~ was chromatographed and its position determined by molybdenum blue color. Mild acid hydrolysis of a spot in this area produced the characteristic product, pyruvaldehyde, which was identified by steam volatility, and co-crystallization with the dinitrophenylosazone formed with added authentic carrier. Re-chromatographing the photosynthetic compound with authentic phosphoglyceraldehyde, however, showed that the active compound did not exactly coincide with the phosphate color from the authentic aldehyde.
